We have constructed transgenic Drosophila melanogaster lines that express green f luorescent protein (GFP) exclusively in the nervous system. Expression is controlled with transcriptional regulatory elements present in the 5 f lanking DNA of the Drosophila Na ؉ ,K ؉ -ATPase ␤-subunit gene Nervana2 (Nrv2). This regulatory DNA is fused to the yeast transcriptional activator GAL4, which binds specifically to a sequence motif termed the UAS (upstream activating sequence). Drosophila lines carrying Nrv2-GAL4 transgenes have been genetically recombined with UAS-GFP (S65T) transgenes (Nrv2-GAL4؉UAS-GFP) inserted on the same chromosomes. We observe strong nervous system-specific f luorescence in embryos, larvae, pupae, and adults. The GFP f luorescence is sufficiently bright to allow dynamic imaging of the nervous system at all of these developmental stages directly through the cuticle of live Drosophila. These lines provide an unprecedented view of the nervous system in living animals and will be valuable tools for investigating a number of developmental, physiological, and genetic neurobiological problems.
Dynamic visualization of the nervous system in a living organism would provide new insights into neural development, maintenance, and function. In principle, the use of the green fluorescent protein (GFP) reporter gene would be an ideal tool to accomplish this goal because it is easily observed in transgenic model organisms and cultured cells (1) (2) (3) . In several studies, discrete neuronal subsets of Drosophila or nematodes have been observed in living animals with GFP (4) (5) (6) . A number of practical problems, however, must be overcome before GFP visualization can serve as a useful marker for dynamic-imaging studies in live animals. First, it is necessary to have a promoter or DNA-regulatory fragment driving expression exclusively in the nervous system. Second, the strength of expression must be sufficient to allow easy observation of GFP fluorescence in intact organisms. Third, expression must be robust at all developmental stages.
Recently, we isolated and characterized tissue-specific transcriptional regulatory elements for the two different Drosophila Na ϩ ,K ϩ -ATPase (sodium pump) ␤-subunit genes (7). These two genes, termed Nervana 1 and 2, originally were identified and cloned (8, 9) on the basis of reactivity with anti-horseradish peroxidase (anti-HRP) antibodies, which are commonly used to identify Drosophila neurons (10) . The Nervana 1 protein does not carry the carbohydrate epitope(s) recognized by anti-HRP and is expressed primarily in muscle cells. In contrast, Nervana 2 is decorated with the anti-HRP epitope. and its expression is restricted to nervous system (11) . The tissue-specific expression of each isoform gene is controlled by separate cis-DNA regulatory elements located in the 5Ј flanking DNA (7) .
The sodium pump is a major component of the plasma membranes of all excitable cell types and serves to generate and maintain the asymmetric gradient of Na ϩ and K ϩ ions necessary to establish the membrane resting potential and drive a variety of secondary ionic exchanger and metaboliteuptake systems (12, 13) . Because extremely high levels of pump subunits are expressed in neurons at all developmental stages, it seemed likely that the regulatory elements of the Nrv 2 gene would be an excellent candidate for a pan-neuronal promoter with appropriate strength, specificity, and temporal expression to use GFP fluorescence in dynamic-imaging studies of the nervous system.
In the present study, we fused the 5Ј flanking DNA of the Nrv 2 gene to the coding sequence of the yeast transcriptional activator GAL4 and constructed transgenic fly lines. When these lines are genetically recombined with lines carrying cognate GAL4 recognition elements (UAS, upstream activating sequence) controlling expression of a GFP responder gene, nervous system-specific GFP fluorescence was observed. The levels of GFP fluorescence are particularly strong, allowing the nervous system to be dynamically observed in live animals at all developmental stages.
MATERIALS AND METHODS
Nrv2-GAL4 Construct. We previously cloned the 7.7-kilobase Nrv2 5Ј flanking DNA into the Drosophila P element transformation vector, pCaSpeR-AUG-␤-galactosidase (14) , in a modified NotI cloning site (7) . The GAL4 gene from the pGaTN vector (15) was subcloned into that DNA construct to replace the lacZ reporter gene of pCaSpeR-AUG-␤-galactosidase by using the NotI and XbaI cloning sites. P Element Transformation. Standard P element-mediated germ-line transformation of Drosophila melanogaster was performed (16) . The Nrv2-GAL4 construct was injected into w Ϫ embryos at a concentration of 0.8 g/l along with pUChs ⌬2-3 helper plasmid (0.1 g/l). A total of 14 independent lines (eye color selection) were generated with insertion of the transgene on the X, second, or third chromosomes. Linkage analysis of the inserted P elements was carried out by examining their segregation from second or third chromosomes marked with Cy or Sb, respectively. X-linked inserts were determined by standard crosses.
Generation of Nrv2-GAL4؉UAS-GFP Lines. Fly lines carrying both a Nrv2-GAL4 driver and a UAS-GFP responder on the second or third chromosomes were generated by recombination (17) . Flies with Nrv2-GAL4 insertion on the second or third chromosome were crossed with flies carrying a UAS-GFP (S65T) responder gene on the second or third chromosome (obtained from the Bloomington Drosophila Stock Center, B-1521, B-1522), respectively. The F 1 female progeny were crossed with w Ϫ males, and the F 2 larval progeny were observed by using a fluorescence microscope. The larvae
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with GFP expression in nervous system were selected and reared to make the Nrv2-GAL4ϩUAS-GFP homozygous lines. The experiments described in this paper all were performed by using these Nrv2-GAL4ϩUAS-GFP lines.
Double Labeling of Whole-Mount Embryos with Anti-GFP and Anti-HRP Antibodies. Embryos were collected from Nrv2-GAL4ϩUAS-GFP flies and staged at 25°C. They were dechorionated, fixed, and processed for immunocytochemistry as described by Patel (18) . After blocking in PBTϩNGS (0.1% Triton X-100/0.1% BSA/5.0% normal goat serum in PBS), the embryos were incubated with a 1:5 dilution of rat anti-GFP mAb JFP-J1 (kindly provided by S. Fujita, Mitsubishi Kasei, Tokyo) and rabbit anti-HRP antibodies (1 g/ml, Sigma). After overnight incubation at 4°C, the embryos were washed and probed with FITC-labeled goat anti-rat IgG (1:200 dilution; Pierce) and rhodamine-labeled goat anti-rabbit IgG (1:200 dilution; Pierce) for 2 h at room temperature (8) . After washing, preparations were mounted in 70% (vol/vol) glycerol (in PBS) and viewed under a fluorescence microscope.
Visualization of GFP with Confocal Microscopy. Dechorionated embryos or first-instar larvae were directly mounted in a 1:1 mixture of glycerol and PBS. Samples were observed directly by using a Zeiss LSM 410 confocal scanning microscope. Excitation was with the argon laser (488-nm excitation), and emission was at 527 nm.
Visualization of GFP by Using Wide Field Fluorescence Microscopy. Mechanically dechorionated live embryos, larvae, or pupae were mounted in a 1:1 mixture of glycerol/PBS in a small viewing chamber constructed of a filter paper support for a standard coverslip and viewed directly. Adult flies were sealed in an imaging chamber (Molecular Probes) and observed directly. Fly parts (head, abdomen, leg, and wing) were collected from adults by manual dissection and mounted in 70% (vol/vol) glycerol (in PBS). Samples were observed with a Nikon Diavert or Olympus Vannox fluorescence microscope under Hg illumination by using standard FITC fluorescence filters. Digital images were recorded by using either a Cambridge Research (Cambridge, MA) Real-14 cooled CCD camera or a Kodak DC120 color CCD camera. Image files were processed by using SCION IMAGE (Scion, Frederick, MD), IMAGE PROϩ (Media Cybernetics, Silver Spring, MD), or PHOTOSHOP (Adobe Systems, Mountain View, CA).
RESULTS

GFP Expression in Embryos.
Exposure of embryos to the repeated periods of several minutes of UV light required for observation did not affect their viability. Most embryos (Ϸ75%) completed development when they were observed repeatedly over a several-hour period and hatched into active larvae. GFP expression was easily monitored in the developing nervous system (both central and peripheral) at different embryonic stages ( Fig. 1 A-D) . GFP fluorescence initially was detected in a group of cells at the anterior end of stage-12 embryos and a few cells in the ventral nerve cord, which are partially obscured by gut autofluorescence (Fig. 1 A) . As neural development proceeded, the fluorescence became visible in many cells in the brain and ventral nerve cord and was especially intense in some peripheral sensory neurons near the surface of the developing embryo ( Fig. 1 B-D) . In stage-17 embryos, the pattern of fluorescence is similar to early larval stages ( Fig. 1 E and F) .
We also have observed embryos at different developmental stages by using confocal microscopy. In a stage-17 embryo, the GFP signal is easily observed in neurons and neural processes of both the central (brain, ventral nerve cord) and peripheral ( Fig. 2 A and B) nervous system. A three-dimensional projection of confocal optical sections clearly reveals the extent and relationship of the GFP fluorescent cells and processes (Fig.   2B ). An animated three-dimensional projection of confocal sections can be viewed as supplemental data on the PNAS web site (www.pnas.org). A higher-power three-dimensional projection of optical sections through an early first-instar larval ventral nerve cord shows the cellular morphology and fluorescent nerve fibers (Fig. 2C) .
To establish the cellular specificity of GFP expression in Nrv2-GAL4ϩUAS-GFP embryos, we compared the immunocytochemical staining of stage-12 embryos by using an anti-GFP antibody to the staining pattern obtained with anti-HRP antibodies, a known pan-neuronal marker (10) . Double labeling of whole-mount embryos with anti-GFP and anti-HRP antibodies showed an indistinguishable pattern of immunocytochemical staining, indicating that GFP expression is likely to be pan-neuronal at early embryonic stages (Fig. 1  G-L) . GFP expression is detected a few hours earlier by antibody staining than by fluorescence. This is most likely because of the time required for posttranslational modification (oxidation) required to produce GFP fluorescence (19, 20) . One difference between the GFP expression pattern in laterstage embryos and anti-HRP staining is the absence of fluorescence in many of the v, vЈ, l, and d peripheral sensory neurons (21) .
GFP Expression in Larvae. The exceptionally strong GFP signal in larvae allows direct visualization of the nervous system in fully active living animals. Especially striking when viewing fully active larvae is an appreciation of the dynamic mechanical forces that the brain and nerves are subjected to during movement. The brain and ventral ganglion as well as the nerve fibers are rapidly stretched and compressed as the animals move about. A QUICKTIME movie of a fluorescent larvae is available for viewing as supplemental data on the PNAS web site (www.pnas.org). Extremely bright GFP fluorescence is specifically observed in the brain and ventral ganglion of all three larval instars. Because of the number of fluorescent cells, it is difficult to resolve individual cell types by using conventional fluorescence microscopy. The long longitudinal nerve fibers, segmental branches, and fine fibers at the distal ends of the segmental nerves are also clearly seen, as are the nerve fibers in the anterior part of the larvae (Fig.  3 A-C) . The bright fluorescent spots in the lateral regions of the larvae may be peripheral glial cells based on their position. Nervous system structures that do not fluoresce in larvae include most of the peripheral sensory neurons and the differentiating photoreceptor neurons of the third-instar larval eye disk.
GFP Expression in Pupae. The intensity of GFP fluorescence is strong enough that we can monitor the morphological changes of the nervous system in developing pupae directly FIG. 3 . GFP fluorescence in larvae, pupae, and adults. First-(A), second-(B), and third-(C) instar larvae show intense fluorescence in the brain and ventral ganglion as well as the longitudinal and segmental nerves and nerve branches. The large bright structures at the ends of segmental nerves may be peripheral glia (indicated by arrowheads). The specimens in A and C are viewed from the ventral surface whereas B is a lateral view. The image in C has been constructed from images of three smaller fields. In early pupae (D), the fluorescence is similar to late third-instar larvae. As metamorphosis proceeds, the nerves begin to appear wavy and frayed (E, and at higher power in F). Later stages of pupation show decreased fluorescence (G) and a shape more characteristic of adult central nervous system. Leg nerves are visible in late-stage pupae (H) or a few hours before hatching (I) and are indicated with arrowheads. Whole adults show bright fluorescence in the optic lobes, brain, thoracic ganglion, and many kinds of nerves. In J, the thoracic ganglion, leg, and probosal nerves are evident, while the optic lobe and brain staining is obscured by the red eye. An adult female abdomen shows major nerves with many finer branches at higher power (K). A dissected head viewed from the posterior shows the intense fluorescence in the brain, optic lobes, and proboscal nerves (L). The leg nerve (M) and wing nerve (N) are also clearly visible in dissected parts from adults. an, abdominal nerve; br, brain; ey, eye; ln, longitudinal nerve; ol, optic lobe; pb, proboscis; sn, segmental nerve; tg, thoracic ganglion; vnc, ventral nerve cord. (Bars ϭ 100 m.)
Proc. Natl. Acad. Sci. USA 96 (1999) 10441 through the pupal case during metamorphosis (Fig. 3 D-I) . The nervous system in early pupae is similar to that of third-instar larvae (Fig. 3D) . As metamorphosis proceeds, the nerve-fiber bundles become wavy and begin to appear defasiculated ( Fig. 3 E and F) . Later, the fluorescence intensity of nerve fibers and cell bodies decreases, and eventually the fibers disappear in 1-day-old pupae (Fig. 3G) . The central nervous system also undergoes morphological changes in overall shape, replacing the larval central nervous system shape with an adult shape. The GFP fluorescence is seen in brain, optic lobes, and thoracico-abdominal ganglion in the 1-day-old pupae ( Fig.  3G) . As metamorphosis continues, the intensity of GFP fluorescence increases along with the development of new nervous system structures ( Fig. 3 H and I) . GFP fluorescence can clearly be seen in peripheral nervous system structures, such as antennae, labial palps, maxillary palps, and even leg nerves, at later stages of pupation. The optic lobes are extremely bright in pupae close to eclosion (Fig. 3I) . GFP Expression in Adults. Remarkably, we can even observe GFP fluorescence directly through the pigmented cuticle of intact living adults (Fig. 3J) . Fluorescence is localized in brain, optic lobes, and thoracic ganglion, as well as in parts of the peripheral nervous system. For example, strong fluorescence is seen in antennae and the ocellus (photoreceptor organ located at the top of the head). In dissected adult fly parts, it is easier to recognize finer details of the various nerve-fiber tracts. In adult heads, in addition to the intense fluorescence in the brain and optic lobes, the maxillary and labial nerves in the proboscis are visible (Fig. 3L) . GFP fluorescence is also clearly observed in the nerves of the abdomen, leg, and wing ( Fig. 3 K, M, and N) .
DISCUSSION
The Nrv2-GAL4ϩUAS-GFP lines we describe here provide a view of the nervous system in live Drosophila at all developmental stages. The advantages of using Nrv2-specific transcriptional regulatory elements are the extremely robust expression and the apparently complete restriction of expression to the nervous system. Part of the robust expression is derived from the use of the strong yeast transcriptional activator GAL4, but part is also because of the high-level activity of the Nrv2 regulatory DNA. The sodium pump is an important homeostatic regulator with exceptionally high levels of expression in excitable cells, such as neurons. We also have observed even more robust muscle-specific GFP fluorescence in transgenic lines constructed by using the Nrv1 5Ј flanking DNA (unpublished observations).
A number of laboratories have observed GAL4-mediated nervous system-specific expression of GFP in live Drosophila or in Caenorhabditis elegans; (1, 4, 22) . Many of the Drosophila GAL4 lines that have been described show expression in subsets of glial and/or neurons (for recent review, see ref. 23 ). These subset-specific lines provide excellent tools for dynamic visualization of particular types of neurons or glia. In most cases, the GFP fluorescence patterns have been analyzed only during early embryogenesis and have not been described at later developmental stages. Most subset-specific expression of GFP relies on the use of rather specialized types of promoters or enhancer trap lines to direct GFP expression either directly or with the GAL4 activation system (23, 24) . Many neuronal and glial genes, especially those with very specialized functions, may not be expressed at high enough levels to be useful for GFP fluorescence in living animals.
Other homeostatic or housekeeping genes with potentially strong promoters, such as cellular actin or microtubule protein genes, also could be used in principle to drive high-level expression of GFP fluorescence. Unfortunately, most are expressed too broadly to target individual tissue types such as nervous system (25, 26) . Fortunately, Drosophila has a single Nrv2 sodium pump ␤-subunit gene whose expression is restricted to nervous system (9, 11) . The expression of Nrv2 is independently regulated by separate transcriptional elements relative to the other Drosophila sodium pump ␤-subunit gene (Nrv1). These separate regulatory elements are located in the 5Ј flanking DNA (7) , and this independent regulation is essential to achieve the specificity of tissue-specific expression we report here. The Nrv2 gene is alternatively spliced to produce two different proteins (Nrv 2.1 and 2.2) with differential expression in head and thoracic ganglia (11) , but apparently this further specificity occurs posttranscriptionally. In other species, individual ␣-and ␤-subunit genes of Na ϩ ,K ϩ -ATPase are more numerous than in Drosophila. Several specific isoforms also are expressed at high levels in neurons in particular combinations (27) , but the patterns are more complex than the case for Drosophila ␤-subunit expression.
Only a few genes have been described that are expressed specifically in most or all neurons throughout development. In addition to Nrv2 expression, the Drosophila elav gene product has been detected immunocytochemically in neurons at all developmental stages (28) (29) (30) . We have compared the Nrv2-GAL4ϩUAS-GFP lines described here with two different elav-GAL4 lines (31) . The patterns of elav-GAL4-and Nrv2-GAL4-directed GFP fluorescence are similar, with a few notable differences. First, the GFP fluorescence is much more intense in our Nrv2-GAL4ϩUAS-GFP lines. Typical integration times for the charge-coupled device images presented in this paper are less than 0.1 sec for Nrv2-GAL4 lines, whereas the equivalent stage elav-GAL4 lines need integration times of 30 sec-Ͼ1 min. Second, we do not see fluorescence in many peripheral sensory neurons in the Nrv2-GAL4 lines in late embryo and larval stages that are observed in elav-GAL4 lines. Finally, we do not see fluorescence in developing photoreceptor cell neurons in third-instar larval eye disks in the Nrv2-GAL4 lines that are seen in elav-GAL4 lines. The elav-GAL4 lines thus seem to express GFP fluorescence in more types of neurons than the Nrv2-GAL4 lines. Our failure to detect fluorescence in the latter stage peripheral nervous system and photoreceptor neurons could indicate that the Nrv2 construct is missing some regulatory elements or that the signal in these types of neurons may be below the detection level of fluorescence microscopy.
The ability to view the nervous system in living embryos makes our lines an excellent preparation to construct time lapse records of early nervous system development. One important aspect of Na ϩ ,K ϩ -ATPase expression is that it is required to generate and maintain the ionic gradients essential for functionally active neurons and glia. Certain cells therefore may express the pump at different times in their developmental life histories, and such differences could indicate when the neurons become functionally active. It will be interesting to combine observations on our Nrv2-GAL4ϩUAS-GFP lines with other markers of specific neuronal and glial cell types that may be recognized before the particular cells become functional.
During larval stages, our lines can be used to observe the dynamics of nervous system movements accompanying the movement of larvae. They also can be useful for tracing the main axonal pathways. The ability to see GFP fluorescence through the pupal case also will make it possible to record time-lapse movies of the remodeling of the nervous system during metamorphosis. Our lines provide excellent visualization of particular neurons and nerve fibers that may be accessible for electrophysiological recording or lesioning studies.
The strength of Drosophila as a model organism is in its genetic definition. We foresee many uses for our lines in genetic experiments. For example, the Nrv2-GAL4ϩUAS-GFP could serve as a marker to view the effects of particular mutations on nervous system structure and development.
Existing axonal pathfinding or neurodegenerative mutants would be good candidate genes to examine in this regard (32) (33) (34) . Our lines also could serve as a genetic background for generating new mutations that effect axonal pathfinding or neurodegeneration because they could easily be screened for phenotypes by simple observation with a fluorescence microscope.
We have not attempted to increase the utility of our lines by modifying the GFP reporter gene. Others have produced GFP fusion proteins, for example, that incorporate protein motifs that direct the reporter to a particular intracellular compartment such as the plasma membrane (35) , microtubules (36) , neuronal processes (37), or nucleus (38) . The flexible design of the GAL4 activation system will make it easy to incorporate these types of GFP-fusion reporters in future work. It also will be possible to direct a variety of other functional or mutant genes to the nervous system by using the Nrv2-GAL4 driver. One limitation of using GFP fluorescence is the time required for posttranslational oxidation to generate a fluorescent protein (19) . We have used the S65T mutated form of GFP, which has been reported to speed up the acquisition of fluorescence (39) , but generation of the fluorochrome still lags expression of GFP protein, as assessed by anti-GFP antibody staining. Future improvements in GFP design may lessen this time lag and thus make our lines more useful for studying early neurogenesis in living animals.
